Background
filopodia formation is still not clear. In vitro, Cdc42 activates an Arp2/3 actin nucleation complex, via an interacSmall GTPases cycle between an active, GTP-bound and an inactive, GDP-bound state and act as molecular tion with WASp, to promote actin polymerization [12, 13] .
In vivo experiments also point to a central role for WASp switches to control intracellular signal transduction pathways. Rho, Rac, and Cdc42, three members of the Rho in Cdc42-induced filopodia formation [14, 15] . However, the Arp2/3 complex is thought to interact with the sides family of small GTPases, regulate a host of cellular responses (reviewed in [1] ), the best understood of which of preexisting actin filaments and initiate de novo actin nucleation to form branched filament networks, structures are dynamic actin rearrangements. Reorganization of the actin cytoskeleton is crucial for many cellular responses that are associated with lamellipodia, but not filopodia [16, 17] . It is likely, therefore, that a variety of other such as phagocytosis, cell movement, and changes in morphology. Rho controls the formation of contractile acmolecules are required to specify the Rac-dependent and the Cdc42-dependent organization and assembly of actin tin:myosin filaments [2], Rac regulates the formation of lamellipodial protrusions (and membrane ruffles) at the filaments [18] . cell periphery [3] , while Cdc42 regulates filopodia (microspike) formation also at the cell periphery [4, 5] .
The SH3 domain-containing adaptor protein IRSp53 was originally identified as a substrate of the insulin receptor Over 30 target proteins have been identified that interact kinase in CHO cells [19] , and three human splice variants with either Cdc42 or Rac, or both, specifically in their (BAI1AP2, BAP2␣, and BAP2) differing in their C termini GTP-bound forms (reviewed in [6] ). Many, though not have been identified. It has been reported by one group all, of these contain a recognizable motif, the Cdc42 and that IRSp53 is a Rac target involved in lamellipodia formaRac interactive binding or CRIB motif, as part of their tion [20] , while another group suggests that it is a Cdc42 Rac/Cdc42 binding domain (RBD) [7, 8] . For two of these target involved in filopodia formation [21] . The reasons targets, Pak and WASP, structural analysis reveals that for this discrepancy are not clear. their interaction with an activated GTPase induces a conformational change, which allows the target protein to participate in additional protein:protein interactions [9] [10] [11] .
We report here that, in vivo, IRSp53/BAP2␣ is a Cdc42 target, and it participates in filopodia formation. We have also identified Mena, an Ena/VASP family protein, as an The mechanism by which Cdc42 specifically promotes 
IRSp53 binding protein and find that Mena and IRSp53
with Rho, but it interacted with Cdc42 more strongly than with Rac (data not shown). act synergistically to promote filopodia formation.
IRSp53 specifically binds Cdc42 in mammalian cells

Results
To determine the in vivo GTPase binding specificity,
Identification of IRSp53 as a Rho GTPase target
COS-7 cells were transfected with IRSp53 along with To isolate GTPase targets, a yeast two-hybrid screen with either constitutively activated Cdc42 (L61Cdc42) or cona human cDNA library was performed using activated stitutively activated Rac (L61Rac). As shown in Figure  Rac as proteins ( Figure 1b ) was analyzed in an overlay blot assay (Figure 1c) . No significant binding of Rac to IRSp53 could be observed using this assay, while L61Cdc42 did interact with IRSp53, albeit significantly weaker than it did with a fragment of p65Pak. A small region of IRSp53 necessary for interaction with Cdc42 was mapped to residues 238-292, and this was found to contain a partial CRIB motif, ISLP(X) 8 V (amino acids 268-280; Figure 1d ). The importance of these residues was confirmed using the triple point mutant I268A, S269A, P271A (⌬CRIB), which abrogated binding of IRSp53 to Cdc42 in the slot blot assay (Figure 1e ). We conclude that IRSp53 interacts with Cdc42 through a region containing a partial CRIB motif.
Overexpression of IRSp53 induces filopodia
To determine whether IRSp53 might participate in the regulation of the actin cytoskeleton, subconfluent, quiescent Swiss cells were microinjected with an IRSp53 expression construct. At short expression times (60-100 min), filopodia were clearly induced in 55% of the injected cells, as compared to 3% of the dextran control-injected cells (Figures 2a, panel ii, and 3b, panels i and ii). After longer times (Ͼ4.5 hr), expression levels of IRSp53 were higher, and this resulted in severe cell retractions in 90% of the IRSp53-expressing cells (Figures 2b, panel ii, and 3c, panels i and ii). This was confirmed by time-lapse video imaging (data not shown). peared to interact with GST-⌬NT IRSp53, but not with ruffles were still visible in around 87% of the cells. Expres-GST alone (data not shown). This procedure was then sion of the DH/PH domains of Tiam1 (a Rac-specific scaled up using cell lysates prepared from 4 ϫ 10 7 HeLa GEF) led to the formation of membrane ruffles in 85% cells and 2.5 g immobilized GST-IRSp53 fusion protein. of the injected cells (Figure 4e ), but these were unaffected After washing, proteins were eluted from the beads in by coexpression of the N-terminal fragment of IRSp53 two-dimensional gel electrophoresis sample buffer and (Figure 4f ). We conclude that IRSp53 lies downstream separated by two-dimensional gel electrophoresis. Proof Cdc42 in the pathway leading to filopodia formation teins of interest were in gel digested using trypsin, and but that it is not required for Rac-dependent lamellipodia.
since MALDI-MS peptide mass fingerprint analysis did not lead to any positive protein identification, the peptide mixture was separated by RP-HPLC, and distinct peptide
IRSp53 interacts with Mena
fractions were analyzed by MALDI-MS. As can be seen To identify cellular components that interact with IRSp53 and might also be involved in the formation of filopodia, in Table 1 , one of the proteins was unambiguously identi- N-terminal part of the mouse Mena protein (see Table   binding protein complexes were resolved by SDS-PAGE. Precipitated ⌬NT IRSp53 and NT IRSp53 were visualized with Coomassie blue (Figure 6a , left panel), and any associated Mena was visualized by autoradiography. As can be seen in the right panel of Figure 6a , coexpression of the N-terminal fragment severely inhibits the interaction of Mena with IRSp53.
To determine whether the interaction between IRSp53 and Mena is regulated by Cdc42, we took advantage of the fact that overexpressed Mena has been previously shown to induce and to localize to F-actin-containing puncta [24, 25] . In agreement with our in vitro binding data, IRSp53 showed a striking colocalization with Mena at these puncta (Figure 6b , panels i and ii). However, an IRSp53 construct with mutations in the CRIB motif (IRSp53 I268A, S269A, P271A [⌬CRIB] triple point mutant) did not associate with Mena-induced puncta ( Figure  6b , panels iii and iv). This data suggests that the interaction of IRSp53 with Cdc42 (via the CRIB motif) is required to promote the interaction between IRSp53 and Mena.
IRSp53 and Mena synergize in vivo to promote filopodia formation
To address the significance of the IRSp53:Mena interaction, Mena was expressed alone or with full-length IRSp53 in quiescent Swiss 3T3 cells. After relatively long expression times (3 hr), 38% of the cells injected with a Mena construct developed some filopodia (Figure 7a ), similar to cells expressing IRSp53 alone (Figure 7c ). However, coexpression of both Mena and IRSp53 led to a very dramatic phenotype, with 63% of the cells showing dense filopodia structures over the entire cell periphery, even after short expression times (Figure 7b ,g shows a Menaand IRSp53-expressing cell after 90 min).
To confirm that this synergistic effect is dependent on a direct interaction between Mena and IRSp53, Mena was coexpressed with full-length IRSp53 containing two amino acid substitutions (F428A, P429A) in the SH3 domain. This mutant interacts poorly with Mena, and, when expressed alone, it does not induce filopodia. As shown in Figure 7d , the SH3 point mutations abolished the synergistic effects on filopodia formation observed after coexpressing Mena and IRSp53, with 23% of the cells showing a few filopodia. IRSp53 autoinhibition, a full-length IRSp53 construct containing three amino acid substitutions in the CRIB motif (⌬CRIB IRSp53) was coexpressed with Mena. As seen in Figure 7f , only 12% of the injected cells displayed some filopodia.
Discussion
The data indicate that IRSp53 interacts with Cdc42, but not Rac, in vitro and in vivo in a GTP-dependent manner through a partial CRIB motif. Ectopic expression of IRSp53 caused the formation of filopodia, but not lamellipodia, in Swiss fibroblasts, while IRSp53 harboring a mutated CRIB motif was inactive. This suggests that this protein is a direct Cdc42-regulated target involved in a pathway leading to actin polymerization and filopodia formation. Coexpression of the N-terminal 178 amino acids of IRSp53 inhibited filopodia formation induced by either IRSp53 or Cdc42. We conclude from this that IRSp53, similarly to WASp and p65PAK, two other targets of Cdc42, contains autoinhibitory sequences that interfere with its function. Presumably, there is sufficient GTPCdc42 in IRSp53-injected, starved Swiss cells to allow the opening up of some of the IRSp53 and for filopodium formation to occur.
These observations linking IRSp53 to Cdc42 and filopodia are consistent with those published recently by Govind et al. [21] , who reported a role for IRS-58, a longer isoform of IRSp53, in neurite outgrowth and filopodia formation in a Cdc42-dependent fashion. However, our findings cannot be easily reconciled with those of Miki et al. [20] , who placed IRSp53 downstream of Rac and who argued for a role for IRSp53 in the Rac-dependent formation of lamellipodia in COS-7 cells. Interestingly, Miki and colleagues found that Rac interacted with sequences located in the N-terminal 229 amino acids of IRSp53, not through sequences surrounding the partial CRIB motif. We cannot easily account for these differences, though one possibility is that this group used a different isoform of IRSp53. Apart from IRS-58, three human IRSp53 splice variants differing only in their C termini have so far been reported [22] .
To elucidate how IRSp53, upon interaction with Cdc42, leads to filopodia assembly, we have used affinity chromatography techniques coupled to MALDI-MS analysis to look for proteins that interact with the nonautoinhibited alone. Most strikingly, however, we found that coexpresThe family of Ena/VASP proteins is comprised of Mena, VASP, and Evl in mammalian cells. Mena has been shown sion of Mena and IRSp53 resulted in cells completely covered with actin-rich filopodia. This synergistic activity to localize to focal adhesion sites through an N-terminal EVH1 (Ena/VASP homology) domain and to the leading was abrogated if IRSp53 was unable to interact directly with Mena (through mutation of the SH3 domain in edge of lamellipodia and the tips of filopodia [24] [25] [26] [27] . In addition, Mena contains proline-rich stretches that interIRSp53) or with Cdc42 (through mutation of the CRIB motif). We conclude that Cdc42-induced filopodia formaact with profilin and SH3-containing proteins and a C-terminal EVH2 domain that interacts with filamentous tion is mediated by the assembly of an IRSp53:Mena complex.
actin [24, 25, 28, 29] . Our data suggest that Mena interacts A schematic model for the regulation of IRSp53 and its interaction with regulation Cdc42 and Mena. In the resting state, the IRSp53 N terminus interacts with the central region of the molecule, and the SH3 domain is masked. In response to an appropriate stimulatory signal, GTP-loaded Cdc42 binds to the CRIB motif. This abrogates the autoinhibitory, intramolecular interaction and allows the SH3 domain to interact with IRSp53 effector proteins such as Mena.
with the SH3 domain of IRSp53, presumably through
Recombinant proteins
All recombinant proteins were expressed as glutathione S-transferase proline-rich sequences.
fusions in BL-21 Escherichia coli cells and purified on glutathione agarose (Sigma) beads according to standard protocols. GTPases were released from beads by thrombin cleavage; IRSp53 proteins were eluted
The cellular location, along with its involvement in actinwith 10 mM glutathione (pH 7.5) where applicable. Protein concentrabased motility of Listeria monocytogenes, strongly suggests tions were determined using a BioRad protein assay kit and purity on that Mena is involved in regulating actin filament dynam- playing a positive role in promoting Listeria movement,
In vitro translation
it has been shown to inhibit fibroblast cell motility [32] .
Proteins were generated from pRK5 vectors using an in vitro-coupled
Our findings support a key role for a Mena:IRSp53 comtranscription/translation system (Promega) according to manufacturer's plex in filopodia formation, and a model for this is shown instructions.
in Figure 8 . These conclusions are in agreement with previous work that has implicated Mena in the formation bellum, suggesting that it might play an organizational body sepharose beads, followed by extensive washes in lysis buffer.
role in the structure of the PSD, perhaps through its 
Materials and methods
10
6 cells were seeded into a 6-cm dish into Dulbecco's modified Eagle's medium supplemented with 4% fetal calf serum and left until quiescent.
Yeast two-hybrid screen
A total of 20 hr prior to injecting, the cells were trypsinized in 0.5 ml A human brain cDNA library fused to the GAL4 activation domain in the cold trypsin, which was subsequently inhibited using soybean trypsin pACTII vector was screened using human L61Y40CRac1 fused to the inhibitor (Sigma). Cells were washed in serum-free medium before being GAL4 binding domain in pYTH9 as a bait as previously described [39] . plated onto fibronectin-coated coverslips (at a density of 1.5 ϫ 10 4 cells Approximately 5 ϫ 10 6 colonies were screened on selective medium per coverslip). On each coverslip, 100-150 cell nuclei were microinsupplemented with 25 mM 3-aminotriazole. The fastest growing colonies jected over a period of 15 min in a temperature-and CO 2 -controlled were screened by replating, and, using the LacZ reporter gene assay, chamber. Eukaryotic expression vectors were diluted in PBS (0.1 mg/ their plasmids were isolated and sequenced.
ml with the exception of IRSp53, which was 0.05 mg/ml; for coinjections, the total DNA concentration was made up to 0.1 mg/ml with empty
Site-directed mutagenesis vector). Control cells were injected with 2 mg/ml biotin dextran. After All truncation, deletion, and point mutations in IRSp53 were generated injections, coverslips were returned to the incubator to allow cells to using polymerase chain reaction-based cloning strategies with mutarecover and express proteins. genic primers and Pfu polymerase (Stratagene). pRK5-AU-Mena was generated by conventional cloning from a retroviral Mena expression Antibodies construct, which was a kind gift from F. Gertler (Massachusetts Institute IRSp53 antisera were raised in rabbits against recombinant, thrombinof Technology). The pRK5 Scar2 construct was generated from a Scar2 cleaved fragments (1-178 and 180-317) of IRSp53 (Cocalico Biologiconstruct, which was kindly provided by Giorgio Scita (European Institute cals). Antibodies used to detect epitope tags were anti-myc 9E10 crude of Oncology).
hybridoma supernatant or rat JAC6 (a kind gift from R. Marais, Institute of Cancer Research), anti-Flag M2 (Sigma), and anti-AU ascites fluid (BABCO). Secondary, fluoresceine-, rhodamine-, or alexa-coupled anti-
Cell culture
Swiss 3T3, COS-7, and HeLa cells were grown in Dulbecco's modified bodies were from Jackson ImmunoResearch Laboratories. Biotin-dextran was detected with fluoresceine-coupled streptavidin (Amersham); filaEagle's medium (GIBCO BRL) supplemented with 10% fetal calf serum (Nalgene or Sigma), penicillin, and streptomycin (GIBCO BRL) at 37ЊC mentous actin was visualized with rhodamine-phalloidin (Molecular Probes). HRP conjugates were from Pierce. in a humidified atmosphere with 10% CO 2 .
Immunofluorescence staining in 1ϫ sample buffer. Gels were stained in brilliant blue G250, and spots 15. Castellano F, Montcourrier P, Guillemot JC, Gouin E, Machesky L, of interest were excised for MALDI TOF. www.matrixscience.com.
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